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Abstract
Transparent self-cleaning coatings with superhydrophobic and superhydrophilic behavior
are of great interest in a wide range of industrial applications such as automotive, solar panels,
windows, and optical devices. Each has its uses, properties, and characteristics. For the use of these
coatings on solar panels, certain features are important in maintaining the efficiency of the panels
in different weather conditions and reducing the operation and maintenance cost, such as selfcleaning, high transparency, antifouling, anti-fogging, and anti-icing.
Herein, we have investigated the fabrication of self-cleaning coatings using two simple
methods and ways to improve their characteristics. In the first method, a hydrophobic silica
nanoparticles coating was used to fabricate a superhydrophobic surface. The second method was
using sol-gel method with Methyltrimethoxysilane (MTMS) as a precursor. The thin-film was
deposited onto a glass substrate using a dip-coating technique with a fixed dipping rate to control
the film thickness. The morphology, topography and surface roughness, transparency, and surface
wettability were investigated by a Field Emission Scanning Electron Microscope (FE-SEM), an
Atomic Force Microscope (AFM), a UV-visible spectrophotometer, and a contact angle
goniometer, respectively. The results of both methods showed an improvement in the
transmittance and self-cleaning properties by optimizing the coating concentration. The first
method showed an optimum transmittance of around 90% and a contact angle of 162°. The surface
roughness was measured to be 51 nm. The second method showed a higher optimum transmittance

vii

of around 95%, but lower contact angle of 92.2°. The surface roughness was 9.552 nm, more than
five times lower than that with the first method.

viii

Chapter 1: Introduction

1.1 General Background
The continuous dramatic increase in the world population with the industrial revolution
and technological advancement has led to an increasing demand for food, transportation, and
energy. Meeting this growing demand leads to an increase in greenhouse gas emissions in the
atmosphere, which is one of the major causes of climate change. According to the United States
Environmental Protection Agency (EPA), carbon dioxide (CO2) is the primary source of
greenhouse gases emitted through human activities. In the U.S. in 2017, transportation contributed
approximately 36% to CO2 emissions from fossil fuel combustion while electric power contributed
35%, and the industrial sector 17%; 12% came from other sources as shown in Figure 1.1 [1]. To
overcome these challenges and meet the growing energy demand, consumption of fossil fuel must
be reduced with a shift to clean and renewable energy sources.
Commercial
5% Residential

U.S. Territories
1%

6%

Transportation
36%

Industrial
17%

Electric Power
35%

Figure 1.1 2017 U.S. carbon dioxide emissions, by sector.
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Over the past few years, growing global interest has led to an increase in research in the
development of sustainable energy sources such as wind, solar, biomass and hydroelectric energy.
Solar is one of the most promising and abundant sources of energy, and solar photovoltaic (PV)
has seen accelerated use due to a dramatic decline in the manufacturing and installation costs [2].
A key focus of this new research is on increasing the efficiency of solar panels. However,
maintaining this efficiency while in use is an area of concern. One of the most challenging issues
in maintaining the efficiency of the PV modules is the dust and grime deposition on the panel
protective glass cover, especially in desert, polluted, or industrial areas, such as the PV power
station depicted in Figure 1.2.

Figure 1.2 Dust deposition (Taken from PV power station). Reprinted with permission from [3].

This problem of dust deposition not only reduces power production from the panels but has
also increased the operation and maintenance costs due to the need for frequent cleaning, which
also results in deterioration to the panel lifetime due to scrubbing and using cleaning detergents.
Sayigh found that a flat plate collector’s efficiency dropped in Riyadh City desert areas 11% after
three days [4]. Hassan et al. [5] found that the loss in PV panels’ efficiency in Egypt desert areas
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after six months is 66%. That results in lowering the economic feasibility of the panels, especially
for large scale power plants.
To solve this issue, scientists and researchers are seeking efficient and cost-effective ways
to reduce the dust and grime deposition and prevent them from sticking to the panels to keep them
clean. Three main alternative cleaning methods are under investigation: The first is electrostatic
cleaning, which expels dust particles by creating electrostatic standing and traveling waves; the
second is mechanical cleaning, which uses automated robot cleaning devices, air or water blowing,
or ultrasonic vibration; the third is the application of self-cleaning coatings. Coating the solar panel
glass cover with self-cleaning superhydrophilic or superhydrophobic coating reduces organic
contaminants or dust accumulation. The present study is focused on the use of self-cleaning
coatings.
1.2 Research Objectives
The focus of this research is to study the fabrication of transparent self-cleaning coatings
using different methods and test characteristics in order to improve the efficiency of solar panels.
The main objectives are:
1) To conduct a review of the solar panel cleaning methods, types of self-cleaning
coatings, and coating synthesis methods.
2) To test various fabrication methods and optimize the best mixing ratios to improve the
desired coating features.
3) Evaluate the coating self-cleaning, optical, and material structure characteristics using
a contact angle goniometer, a UV-visible spectrophotometer, an Atomic Force
Microscopy (AFM), and a Field Emission Scanning Electron Microscope (FE-SEM) to
enhance coating fabrication.

3

4) Compare the performance of each coating to determine the best coating and its
fabrication method for solar panel application.
A brief description of the content of the chapters is presented below:
Chapter One highlights the general background of the research need of the topic under
investigation and the main objectives of this work.
Chapter Two presents a literature review of the prior works related to solar panel cleaning
methods, types of self-cleaning coatings, and the synthesis methods and techniques for coatings.
Chapter Three details the experimental methods used to synthesize the coatings, material
characterization, deposition of coatings on glass substrates, and testing of the self-cleaning and
optical properties. It also describes the material and equipment used in this research.
Chapter Four presents the results of the data for each coated sample by various fabrication
methods investigated in this study.
Chapter Five summarizes the findings and concludes the obtained results of this
investigation. It also highlights the limitations of the materials and technologies under study with
recommendations for further studies in this area.

4

Chapter 2: Literature Review

2.1 Photovoltaic Solar Panels
Photovoltaic solar panels or modules are packaged solar cells that convert light energy to
electricity by the photovoltaic effect. Almost all the solar cells are named after their semiconductor
materials. The solar panels are classified and named based on their solar cells into three main
generations. The first generation is traditional or conventional, and they are the most widely used
PV solar panels today. These panels have solar cells made of crystalline silicon, such as
monocrystalline and polycrystalline solar panels, as illustrated in Figure 2.1.
a)

b)

Figure 2.1 a) Types of conventional solar cells b) Monocrystalline solar panel structure. No
permission is required from [6].

The second generation is thin-film solar panels. The solar cells of this generation are
manufactured by depositing thin-film layers on a substrate such as plastic, glass, or metal. Three
semiconductor materials are commercially available using thin-film technology, which is
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Amorphous silicon (a-Si), Cadmium telluride (CdTe), and Copper indium gallium selenide
(CIS/CIGS), as shown in Figure 2.2.

Figure 2.2 Graphic showing the five layers that comprise CIGS solar cells. No permission is
required from [6].

The third generation is the emerging photovoltaic solar panels that use thin-film technology
with organic and inorganic materials. However, they are still under development and are not
available commercially [6].
2.2 Cleaning Methods
2.2.1 Conventional Cleaning
Manual cleaning would be the first option for cleaning residential solar panels due to their
small numbers and the costs of other methods. However, panels need frequent cleaning, which
may cause inconvenience. Also, when the installed PV panels are in areas such as a rooftop, it
increases the safety risk of climbing the roof or standing on a ladder to clean the panels. For largescale applications, this option becomes time-consuming and costly, especially if professional
6

contractors are hired to do the job. As a result, it adds to the operation and maintenance cost, and
the labor cost may exceed the profitability of the project, which makes this option too expensive
[7]. Also, frequent use of cleaning detergents and harsh brushing can be hazardous to the
environment and may cause permanent damage to the panel glass and frame [7], [8].
2.2.2 Electrostatic Cleaning
Electrostatic cleaning works by creating dielectric forces and triboelectric charging on
parallel electrodes to expel the dust particles from the electric curtain by forming electrostatic
standing and traveling waves. The standing wave levitates the dust particles vertically while the
traveling waves move the dust particles horizontally across the panel to the sides, as shown in
Figure 2.3.

Figure 2.3 Surface electrodes energized by phased voltages produce an electrostatic traveling
wave for lifting and transporting dust particles. No permission is required from [9].

NASA was the first to introduce this method in 1967, and they used it primarily to repel
lunar and Mars dust from solar panels to maintain efficiency during space missions [10]. However,
it consumes power, works better for specific dust size particles, is ineffective on rainy days and is
less effective in large-scale applications [8].
2.2.3 Mechanical Cleaning
Mechanical cleaning methods uses automated cleaning devices for brushing, air or water
blowing, or ultrasonic vibrations.
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The brush cleaning method uses a brush or broom driven by an automated machine. These
machines have shown high efficiency in removing dust in a short time. The air or water blowing
technique works by blowing dust from the solar panel glass cover, which also cools down the
panels in hot areas. The ultrasonic vibration method uses a wiper driven through vibration by a
linear piezoelectric actuator. Adjusting the amplitude voltage and resonance drives the wipers to
move back and forth. However, these automated mechanical cleaning methods consume a
considerable amount of power, and need to be maintained regularly. Also, the brushing method
may cause permanent scratches to the cover glass surface, which reduces power production [8].
2.2.4 Self-Cleaning Coatings
The contact angle and surface wettability play a crucial role in surface self-cleaning
behavior. The contact angle (𝜃) is the angle that a liquid droplet forms over a solid surface at the
boundary of liquid, solid, and gas intersection, and it is an inverse measure of wettability. A tangent
line is drawn on the liquid drop surface at the point where it contacts the solid to determine the
intrinsic contact angle between them, as shown in Figure 2.4.

Figure 2.4 Schematic representation of a liquid drop in equilibrium on a hydrophilic and a
hydrophobic surface. Reprinted with permission from [11].

Young [12] introduced a relation for the interfacial surface tension when the three-phases
(solid, liquid, and gas) are at thermodynamic equilibrium. For ideal solid surfaces with a
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chemically homogeneous, rigid, inert, and ideally smooth surface characteristic, Young’s relation
is given as:

cos 𝜃 =

𝛾!" − 𝛾!#
𝛾#"

(2.1)

where 𝜃 is the contact angle and 𝛾!# , 𝛾!" , and 𝛾#" represent the interfacial surface tension of solidliquid, solid-vapor, and liquid-vapor interface, respectively. The contact angle is classified into
four categories based on the surface wettability, as shown in Table 2.1.
Table 2.1 Contact angle and wettability.
Contact Angle

Wettability

𝜃 < 10°

Superhydrophilic

10° < 𝜃 < 90°

Hydrophilic

90° < 𝜃 < 150°

Hydrophobic

𝜃 > 150°

Superhydrophobic

Young’s equation lays the foundation of surface wettability. However, it only defines ideal
smooth surfaces, which do not exist [12]. Wenzel introduced a new model that accounts for the
surface roughness in the contact angle equation in 1936 [13].

cos 𝜃% = 𝑟

𝛾!" − 𝛾!#
𝛾#"

(2.2)

where 𝜃% is the theoretical value of Wenzel’s contact angle and r is the added surface roughness
factor to the equation, which is defined as the ratio of actual surface area to geometric surface area
(smooth surface):
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𝑟=

actual surface
geometric surface

(2.3)

Wenzel model predicts that both the hydrophobicity and hydrophilicity of a hydrophobic
and hydrophilic surface increase with the increase of surface roughness, respectively. However,
the model can be applied only to a thermodynamically stable homogeneous surface with uniform
surface roughness (Figure 2.5).

Figure 2.5 Wenzel model. Reprinted with permission from [12].

Cassie and Baxter [12] presented a new model that considers a surface with heterogeneous
material and uneven roughness by the sum of its two parts wettability in 1948. The model is a
modification to Young’s equation as follows:

cos 𝜃&' = 𝑓( cos 𝜃( + 𝑓) cos 𝜃)

(2.4)

where 𝑓( and 𝑓) represent the area fraction of the liquid droplet in contact with the solid surface
and area fraction of the liquid droplet in contact with the vapor trapped in the cavities on the rough
surface, respectively, with a contact angle of 𝜃( and 𝜃) in the total surface area (Figure 2.6). 𝜃&'
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is the value predicted by the Cassie-Baxter model. In the area where there is a vapor between the
solid surface and the liquid droplet, the contact angle of 𝜃) = 180° and 𝑓( + 𝑓) = 1. The equation
can then be written as follows:

cos 𝜃&' = 𝑓 (cos 𝜃 +1) − 1

(2.5)

where 𝑓 is the ratio of the solid-liquid interface contact area to its projected area. This equation
explains the hydrophobicity of a solid surface and how it increases with the increase of surface
roughness [12].

Figure 2.6 Cassie-Baxter model. Reprinted with permission from [12].

A self-cleaning coating method can be implemented by coating the solar panel glass cover
by superhydrophilic or superhydrophobic coating. The self-cleaning superhydrophilic coatings
normally use photocatalytic oxidation under UV-A radiation to decompose organic materials. The
superhydrophobic coatings prevents dust from sticking to the panels due to low surface energy,
which makes it easier to clean the panel. This method is capable of cleaning a large-scale solar
panel cost-effectively. Also, it does not have moving parts that need to be maintained, may cause
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scratches to the panel cover glass, or consume power to clean the panel. The advantages and
drawbacks of this method will be discussed further in the next section.
2.3 Types of Self-Cleaning Coatings
2.3.1 Superhydrophilic Coating
A surface coated with self-cleaning superhydrophilic coating has a water contact angle
(WCA) of less than 10° and an ability to clean the surface using a water stream such as rain to
wash away contaminants by spreading the water and forming water film on the surface [14]. This
type of coating also contains semiconductor materials such as titanium dioxide (TiO2), which
decompose organic contaminants by a photocatalytic oxidation process. The photocatalytic
process was first introduced by Fujishima in 1972 [15]. The process is initiated by a photocatalyst
(TiO2) absorbing light of suitable energy, which is higher than the material band-gap energy. As a
result, electron excitation (e−CB) from the TiO2 valance band (VB) to the conduction band (CB)
occurs that generates a positive hole in the VB (h+VB) (Figure 2.7 [6]).

𝑆𝑒𝑚𝑖𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 (𝑇𝑖𝑂) ) + ℎ𝑣 → ℎ+*' + 𝑒 ,&'

(2.6)

The photoexcited electron (e−CB) migrates to the surface. Then it reacts with the
atmospheric oxygen (reduction reaction) to produce superoxide radicals (•O2–) that react with the
organic pollutant to convert it to water and carbon dioxide (CO2).

•

𝑒 ,&' + 𝑂) → •𝑂),

(2.7)

𝑂), + 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 → 𝐻) 𝑂 + 𝐶𝑂)

(2.8)
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The hole (h+VB) also can react with water adsorbed to the surface (oxidation reaction) to
generate hydroxyl radicals (•OH) that can also react with organic pollutants to convert them to
water and CO2.

•

ℎ+*' + 𝐻) 𝑂 → •𝑂𝐻 + 𝐻+

(2.9)

𝑂𝐻 + 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 → 𝐻) 𝑂 + 𝐶𝑂)

(2.10)

As a result of these reactions, the coated surface gets cleaned of any organic pollutants [8],
[11].

Figure 2.7 Schematic illustration of various processes occurring after photoexcitation of pure
TiO2 with UV light. Reprinted with permission from [11].

TiO2 based photocatalyst is widely used in superhydrophilic self-cleaning coating
applications due to its high physical and chemical stability, excellent photo-activity, low cost, low
toxicity, and easy availability [16]. However, the high energy bandgap (Eg ≈ 3.2 eV) limits the
absorption of sunlight to the UV region of wavelength less than 387.5 nm, which covers only 313

5% of the solar spectrum. This limitation restricts the use of pure TiO2 for outdoor self-cleaning
applications but, the photo-response can be extended from the UV range to the visible light region
by doping TiO2 with metal or non-metal impurities [17], [18]. Other drawbacks of using TiO2
coating for self-cleaning applications are that it is hard to maintain its superhydrophilicity and its
photoactive property can be used only during sunny periods. Also, deactivation of the photoactive
coating or surface micrometric and nanometric roughness damage may occur due to atmospheric
dust [19].
The characteristics of a superhydrophilic TiO2 thin-film were first introduced by Wang et
al. in 1997 [20]. Wang et al. reported that a polycrystalline anatase TiO2 thin-film showed a water
contact angle of 72±1° on a glass surface in the absence of UV-light. After exposing the surface
to UV-light, a reduction to the water contact angle occurs to 0°, which results in water spreading
on the surface (Figure 2.8) [20].

Figure 2.8 a) A hydrophobic surface before ultraviolet irradiation. b) A highly hydrophilic
surface on ultraviolet irradiation. Reprinted with permission from [20].
2.3.2 Superhydrophobic Coating
The self-cleaning superhydrophobic coated surface has a water contact angle of more than
150° and the ability to clean the surface by spherical water droplet collecting dirt and dust particles
in a rolling motion (Figure 2.9).
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Figure 2.9 Schematic representation of self-cleaning processes on (a) a superhydrophilic and (b)
a superhydrophobic surface. Reprinted with permission from [21].

This phenomenon was first inspired by the biological surface of lotus leaf, where the
hierarchical leaf surface structure causes a spherical water droplet to roll-off and collect deposited
dust particles to self-clean the surface. This mechanism is called the lotus effect (Figure 2.10).

Figure 2.10 SEM image of Lotus leaf surface and an image of water droplet sitting on top of
Lotus leaf. Reprinted with permission from [22].
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Low surface energy material that has water-repelling properties such as hydrophobic silica
nanoparticles, Alkoxysilanes, or Fluorocarbons are used to create a superhydrophobic coating.
This type of coating can resist dust accumulation, icing, and fogging. However, it does not
decompose organic material or prevent it from sticking to the coated surface. Also, during heavy
rainfall, water droplets exert high pressure on the surface upon impact due to water droplets
traveling at elevated velocities. At the moment of impact, shock waves occur in the water droplet
causing the so-called water hammer pressure. This water hammer pressure may result in
degradation of the surface hydrophobicity [8].
2.4 Coating Synthesis Methods and Techniques
Two main factors control the wettability of a surface, surface energy, and surface
roughness. To make a surface superhydrophobic or superhydrophilic, there are two general
approaches.
The first approach is to roughen a surface made of low or high surface energy material to
get superhydrophobic or superhydrophilic surfaces respectively. The second way is to roughen a
surface and modify it with low or high surface energy material [23], [24] (Figure 2.11).
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Figure 2.11 A flow chart showing various materials and fabrication processes.
There are several common techniques and methods used to synthesize self-cleaning
superhydrophobic and superhydrophilic coatings and surfaces (Table 2.2). Some of them are
conventional, and others are unconventional. The conventional and unconventional fabrication
techniques are divided into two main categories, bottom-up and top-down (Figure 2.12).
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Figure 2.12 Classification of fabrication techniques of self-cleaning coating.
Tables 2.2 and 2.3 summarize the techniques used to fabricate self-cleaning
superhydrophobic and superhydrophilic surfaces using different materials and substrates.
Table 2.2 Summary of fabrication techniques of superhydrophobic surfaces.
Substrate

Material

Technique

Glass

TEOS/TFCS

Sol-gel

Contact
angle
(deg)
150

Glass

MTES/Ph-TMS

Sol-gel

164

[26]

PDMS

PAH/PAA & PAH/SiO2

Layer-by-layer

160

[27]

Glass

PAH/SiO2 &
PDDA-silicate/PAA

Layer-by-layer/ CVD

157

[28]

Glass

Silica NPs/GPS/AMS

Layer-by-layer

150

[29]

silicon wafer

Carbon Nanotubes (CNTs)

Chemical vapor deposition

162

[30]

Single-crystal
silicon (Si)

PF3

Lithography/ CVD

170

[31]

polystyrene

Gold/octadecanethiol (ODT)

Plasma treatment

167

[32]

Metal

HMDS

Plasma treatment

165

[33]

PDMS

PDMS

Template

155

[34]

Ref.
[25]
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Table 2.3 Summary of fabrication techniques of photoinduced superhydrophilic surfaces.
Photocatalytic
Coating
Material

Technique

Contaminants

UV–Vis
exposure
time (min)

Degradation (%)

Ref.

Glass

Ni/TiO2/WO3

Sol-gel

Methylene blue

60

90

[35]

Glass

TiO2-SiO2

Sol-gel

Methylene blue

120

95

[36]

ITO Glass

Si-TiO2

hydrothermal

Methyl orange

40

98

[37]

Substrate

2.4.1 Bottom-Up Approach
The first category is the bottom-up approach, in which the desired arrangement and the
final structure are self-assembled by a precursor through the encoded material itself, such as the
sol-gel method, layer-by-layer assembly (LbL), chemical vapor deposition (CVD) [38].
2.4.1.1 Sol-gel Method
The sol-gel process is one of the most common methods used to fabricate superhydrophilic
and superhydrophobic coatings. This method is widely used because it is simple, inexpensive, lowtemperature, and easy to control. In this technique, inorganic salts or metal alkoxides are used as
a precursor in an organic or aqueous solvent to form polymers through hydrolysis and
polycondensation processes. The resulting polymer consisting of metal-oxide-metal bond that can
be deposited into various types of substrates using different coating techniques, such as spin
coating, dip coating, or spray coating (Figure 2.13) [23], [24], [39].

Figure 2.13 Steps involved in the process of (a) dip coating and (b) spin coating (c) meniscus
coating. Reprinted with permission from [39].
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Bake et al. fabricated a transparent and robust superhydrophobic coating on a glass
substrate using a mix of silane material by the sol-gel method. The coating solution was deposited
on the glass substrate by simple spray coating with different coating cycles. The optimum spray
cycle results in a thin-film of transparent self-cleaning coating with WCA of 170° [40].
Fujishima and coworkers used the sol-gel method to prepare a thin-film of polycrystalline
TiO2 on a glass substrate from anatase sol. After exposing the film to UV irradiation, the film
became superhydrophilic due to the photo-induced superhydrophilic phenomenon [20].
2.4.1.2 Layer-by-Layer Assembly (LbL)
The Layer-by-Layer (LBL) assembly technique is an effective method of fabricating thin
films on a substrate by depositing oppositely charged layers of poly-electrolytes. The substrate is
generally cleaned thoroughly to remove any contaminants and dipped in an oppositely charged
solution alternatively and washed with solvent after each treatment to remove the excess material.
The LBL allows fabrication of a transparent thin film with a controlled and precise thickness of
structured nanoparticles [23], [24].
Nimittrakoolchai et al. used the LBL method to create a superhydrophobic surface on a
glass substrate by assembling a polyelectrolyte film as the first layer followed by a layer of fumed
SiO2 nanoparticles. After that, they treated the coating with semi-fluorinated silane to reduce the
surface energy. The resulting fabricated films exhibited WCA of 152° [41].
2.4.1.3 Chemical Vapor Deposition (CVD)
In this technique, a chemical precursor is heated to vaporize, which deposits on a cool
substrate to chemically react and form a thin film. It is used widely to fabricate rough surfaces that
have self-cleaning properties [23], [39]. Liu H et al. used Ni and Au catalysts with ZnO to prepare
thin films by CVD. The obtained sub-microstructures were only homogeneous when they used Ni
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as a catalyst, and the film had a WCA of 110.6°. However, when they used Au as a catalyst, micronano hierarchical blocks were generated with increased roughness and WCA of up to 164.3°. The
hydrophobic and superhydrophobic surfaces reversed wettability after UV exposure to
superhydrophilic. After storage in the dark for a few days, it could turn back [42].
2.4.2 Top-Down Approach
The second category is the top-down method, which uses external stimuli to write patterns
on a blank sample such as lithography, plasma treatment, and template-based techniques. [38].
2.4.2.1 Lithography
Lithography is an unconventional technique to print a nanoscale pattern on a substrate
surface performed by different methods, such as photolithography, focused beam lithography
(FBL), and nanoimprint lithography (NIL) [10]. This method is one of the most cost-effective and
high throughputs of top-down techniques. It is used to create antireflective and self-cleaning
surfaces, micro-electromechanical devices, and microchips.
For example, the antireflective surface of the Moth’s eye is one of the natural phenomena
that inspired researchers to try mimicking its surface structure using nanoimprint lithography
(NIL) on GaAs tandem solar cells and low iron solar cells protective glass [43], [44] (Figure 2.14).

Figure 2.14 The eye of the moth (left) and the SEM image (right). Reprinted with permission
from [39].
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K. Han et al. fabricated a polyvinyl chloride (PVC) mold using hot embossing on a Ni mold
that contains a conical-shaped structure of a specific size hexagonal array. Then the mold is used
to pressurize and imprint a UV-curable resin on top of the GaAs solar cell and glass plate, as shown
in Figure 2.15. As a result, the patterned surface with moth’s eye pattern reduced the reflectance
and enhanced the total conversion efficiency [43], [44].

Figure 2.15 Schematic diagram of the imprinting process. Reprinted with permission from [43],
[44].

2.4.2.2 Plasma Treatment
Plasma is a state of matter, just as gas, liquid, and solid, that occurs when gas ionizes by
introducing enough energy to it. The plasma state is highly chemically reactive to many material
surfaces, such as glass, polymers, and metals, that can be used to modify the properties of their
surfaces without affecting the material.
The plasma surface treatment processes can be used to clean surfaces and prepare them for
coating. Using O2 plasma, it can remove organic matter from the surface and forming polar
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functional groups such as hydroxyl (HO-), carbonyl (C=O), or carboxyl (HOOC) that are ready to
form strong intermolecular bonds [45].
Another application of plasma treatment is surface etching. The surface etching process
occurs when introducing a chemical or etchant gas that reacts with the substrate and removes a
part of the surface material. It creates a rough surface and increases the bonding surface area,
causing the surface to be superhydrophobic or superhydrophilic.
The last application of plasma treatment is plasma polymerization. It is a polymer coating
method that uses a monomer in the vapor phase that enters the plasma to convert it to a reactive
fragment. The fragments are recombined to form a polymer in the gas phase, which is deposited
on the substrate surface [46].
Chen et al. used low-temperature plasma polymerization to fabricate a superhydrophobic
surface using hexamethyldisiloxane with a WCA of 180° [47].
Washo fabricated a superhydrophobic surface using plasma polymerization treatment. He
created a film of polytetrafluoroethylene (PTFE) surface with a water contact angle of 165° [48].
McCarthy et al. used plasma polymerization to fabricate a superhydrophobic surface of
2,2,3,3,4,4,4-hepta ﬂouorobutyl acrylate (HFBA) on a smooth polyethylene terephthalate (PET)
surface with a WCA of 174° [47].
2.4.2.3 Template-based
The template-based method is a reproducible and simple method of coating to fabricate a
desired pattern. This technique is implemented by using a desired template with a chosen structure
or pattern to make a negative replica. Then the negative replica is used to prepare a positive replica
on a substrate. This method can be applied to replicate almost any surface from natural biosurfaces
to artificial structures [24].
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Sun et al. used lotus leaf as a template and fabricated a negative and positive replica using
polydimethylsiloxane (PDMS) to mimic the lotus leaf surface structure. Under the SEM, the
positive replica showed almost the same natural lotus leaf surface morphology, and it had a water
contact angle of 160° [49].
Saison et al. used silica gel to form microstructures of elastomeric molds. The surface was
superhydrophobic with WCA of 160°, and it turned to superhydrophilic after annealing above 450
°C [50].
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Chapter 3: Experimental Techniques and Methods

3.1 Material Preparation and Selection
Titanium dioxide nanoparticles (Aeroxide P25) and silica nanoparticles (Aerosil RX300)
samples were provided by Evonic Industries, USA. The isopropyl alcohol was procured from
Fisher Scientific (IPA, Fisher Scientific). The methyl phenyl silicone resin was a sample provided
by Momentive Performance Materials (TSR117, Momentive Performance Materials). The
Methyltrimethoxysilane (MTMS) was purchased from Sigma-Aldrich, USA (98%, SigmaAldrich, 246174). Hydrochloric acid was obtained from VWR Chemicals (36.5-38%, VWR
Chemicals).
3.2 Substrate Surface Treatment
In this experiment, clear uncoated microscope glass slides with dimensions of 25 mm x 75
mm x 1.2 mm were used as a substrate. To prepare a glass substrate for coating, it must be cleaned
and pretreated to be chemically active and form a strong hydrogen bond with the coating. Cleaning
the substrate and making it free of any contaminants is an important step to achieve optimum
uniformity and reproductivity.
The methods of cleaning glass substrate are classified into three main categories. The first
category is wet chemical methods. This method uses a combination of organic solvents, acids, and
bases at different concentrations, times, and temperatures. It also includes using chelation, vapor
degreasing, and HF etching. The second method of glass cleaning is dry-cleaning. This method
involves using oxygen plasma, UV-ozone, pyrolysis, ultrasonic cleaning, and laser treatment. The
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third method that is used sometimes as a pre-treatment method is the mechanical cleaning or
mechanical polishing method such as chalk scrubbing. Although there are several methods of
cleaning glass surfaces, there is no universally accepted cleaning method or agent to date [51].
The method that is used in this experiment is a new way of cleaning glass samples to
prepare them for coating, developed in this study. It is a combination of the wet chemical and drycleaning methods. It used photocatalytic reaction of titanium dioxide under UV-light exposure. To
clean the glass samples, two trials were conducted using two different solvents to make a colloidal
TiO2 nanoparticle solution. For the first trial, isopropyl alcohol was used as a solvent, and water
for the second trial. The solution was made in a 250 ml beaker filled with 200 ml of solvent. Then
5 g of P25 TiO2 nanoparticles were mixed into the solvent. The solution was mixed using a
magnetic stirrer for 5 minutes at medium speed. Then the beaker was covered with aluminum foil
and placed in an ultrasonic cleaner filled with tap water at 50 ℃. The solution was ultrasonicated
for 20 minutes to breakdown the clustered TiO2 nanoparticles and keep them homogeneously
suspended in the solution. After sonicating the solution, it was stirred for 5 minutes and the solution
was ready to be used.
To quantify the cleanliness of the glass substrate, water contact angle measurement was
used as a relatively quick and easy method for assessing the cleanliness of the glass surface. The
effectiveness of the cleaning method was determined by the surface wettability. The more
hydrophilic the surface the more effective the cleaning method [52]. Many reported wide
variations in equilibrium contact angle using different cleaning methods.
The contact angle was measured using a custom-built contact angle apparatus (Figure B.1)
with the use of ImageJ analyzing software. Using a syringe with a needle tip, one milliliter of
deionized water was drawn into the syringe and placed on the syringe holder. A new untreated
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glass substrate was placed on the sample stage. The stage height and tilt were adjusted. The digital
microscope focus was fine-tuned. Then a water droplet was released from the syringe, and an
image of the water droplet was taken 10-20 seconds after. The image of the water droplet was
analyzed, and the contact angle was measured. This process was done before and after cleaning
the glass slides to evaluate the difference in water contact angle and the effectiveness of the used
cleaning method.
After the first measurement of the glass sample WCA, the substrate was dipped into the
colloidal TiO2 nanoparticle solution and placed under UV-A light. Multiple samples were prepared
using the same process at different time exposure to UV light. When the UV treatment is over, the
samples were rinsed with DI water and wiped with Kimwipes to remove the remaining TiO2
particles, and dried with pressurized nitrogen.
3.3 Coating Fabrication and Deposition
3.3.1 Method 1: Using Hydrophobic Silica Nanoparticles
The first coating fabrication method was based on making a solution mixture of colloidal
hydrophobic silica nanoparticles (Aerosil RX300) with methyl phenyl silicone resin (TSR117,
Momentive Performance Materials) as a binder in isopropyl alcohol (IPA, Fisher Scientific)
solvent.
The solution mixture was prepared by adding 1.5 g of silica nanoparticles into a 250 ml
beaker filled with 120 ml of IPA. Then, the solution was covered with aluminum foil and mixed
using a magnetic stirrer at medium speed for five minutes. The mixed solution was then sonicated
using an ultrasonic homogenizer filled with tap water at 46 ℃ for 15 minutes to breakdown the
clustered silica nanoparticles and keep them homogeneously suspended in the solution. After the
sonication is over, 0.5 ml of methyl phenyl silicone resin was added to the colloidal solution
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dropwise using a pipet. The mixture was then stirred for 5 minutes and ultrasonicated for 15
minutes. The final mixture was kept covered and stirred for additional 15 minutes to cool down
before coating.
The coating deposition was implemented using the dip-coating method to control the film
thickness. The used dip-coater was custom-built to perform the coating with an adjustable constant
dipping rate ranging between 0.1-2.5 mm/s (Figure B.2). The dipping speed was set to be 1.0 mm/s
to ensure uniform thin-film deposition. The sample was then heat-treated at 200 ℃ for 20 minutes
in an oven to speed up the coating curing time. This process was repeated four times to make four
samples at different solution concentrations by changing the volume of the solvent (120, 150, 200,
and 250 ml). A summary of the first method process is shown in Figure 3.1.

Figure 3.1 A flowchart summarizes the first coating fabrication method process.
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3.3.2 Method 2: Using Sol-Gel Method to Fabricate Hydrophobic Surface Coating from
Methyltrimethoxysilane (MTMS) Precursor
The second coating method is based on fabricating a hydrophobic silica film using a
coating prepared by the sol-gel process and dip-coating method. The coating solution is alcoholbased (IPA, Fisher Scientific) containing silica precursor (MTMS, 98%, Sigma-Aldrich, 246174)
and hydrochloric acid (HCl, 36.5-38%, VWR Chemicals) as a catalyst.
In this method, a polymerization reaction of silane takes place in three main reactions. It
starts with the hydrolysis of the MTMS shown in Equiation (3.1), followed by water condensation
and Alcohol condensation reactions, as shown in Equation (3.2) and (3.3), to form sol-gel, or
silsesquioxanes by condensing the silanol groups to form siloxane bonds [53], [54].

CH3Si(OCH3)3 + 3H2O ⇆ CH3 – Si(OH)3 + 3CH3OH

(3.1)

(3.2)

OCH3

−

−

OCH3

CH! − Si − O − Si − CH! + CH3OH
OH

−

OH

−

−

CH! − Si − OH + H3CO − Si − CH!

OH

−

OCH3

−

−

OH

(3.3)

OCH3

The coating mixture was prepared by adding a variant amount of MTMS (3 ml – 0.5 ml)
into 3 ml of IPA solvent in a 250 ml beaker. The amount of solvent was kept low at the beginning
to make the reaction happen faster with the minimum amount of acid and at a low concentration.
The mixture was placed in a magnetic stirrer and stirred at a medium speed. Then, 1 molar of
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hydrochloric acid was prepared, and 0.25 ml was added dropwise to the coating mixture. The
addition of HCl reduced the pH to 1 and initiated the reaction. The solution was then covered with
aluminum foil and left to stir for 5 minutes. To speed up the reaction rate, the coating solution was
sonicated in an ultrasonic homogenizer filled with tap water at 46 ℃ for 30 minutes. After the
sonication was over, the solution was moved back to the magnetic stirrer and stirred for one hour
at medium speed to allow the mixture to cool down and the reaction to go to completion. When
the reaction is completed, the color of the solution should turn from transparent to opaque. More
solvent was then added while it is stirring to reduce the acidity and adjust the concentration and
the viscosity of the coating. To get to the optimum concentration, the amount of added solvent was
varied from 60 to 240 ml and glass coated samples were tested at different concentrations.
The coating deposition was implemented using the dip-coating method to control the film
thickness. The used dip-coater was custom-built to perform the coating with an adjustable constant
dipping rate ranging between 0.1-2.5 mm/s. The dipping speed was set to be 1.0 mm/s to ensure
uniform thin-film deposition. The sample was then heat-treated at 200 ℃ for 20 minutes in an oven
to speed up the coating curing time. This process was repeated four times at different amounts of
precursor (3, 2, 1, 0.5 ml) to make multiple samples at different solution concentrations by
changing the amount of solvent added (60, 90, 120, and 240 ml). A summary of the second method
process is shown in Figure 3.2.
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Figure 3.2 A flowchart summarizes the second coating fabrication method process.

3.4 Coating Characterization
3.4.1 Scanning Electron Microscope (SEM)
SEM was used to characterize the morphology and microstructure of the deposited thin
films on the glass substrates. SEM images were taken using Hitachi S-800 field emission scanning
electron microscope (FE-SEM) with an accelerating voltage of 25 kV. The SEM is capable of
taking images at a magnification up to 250,000 times the actual size. The image is generated by
scanning a small diameter electron beam over the specimen. These electrons are scattered from the
surface and are then collected by a detector to generate an image.
The glass substrate and the coating material of the samples are non-conductive. Thus, they
were coated with an ultra-thin layer of gold-palladium to prevent electron charging. The goldpalladium coating was deposited using a Hummer X sputter coater, and the coating was performed
under vacuum with a current of 30 mA for 50 seconds.
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3.4.2 Atomic Force Microscopy (AFM)
The atomic force microscopy (AFM) is a high-resolution measuring and imaging technique
of the surface topography and characteristics of a sample. It uses a small cantilever with the a nanosized tip at the end to scan the sample surface and generate images. The topographical images are
generated with atomic resolution by a position-sensitive detector that detects a laser beam reflected
from the cantilever. The AFM topographical data and imaging was carried out using Dimension
3100 atomic force microscopy. In this study, surface topography is of importance to measure the
surface roughness and to understand the wettability change with the change in surface roughness.
3.4.3 UV Visible Spectrophotometer
UV visible spectrophotometry is a technique used to measure the amount of light absorbed,
transmitted, and reflected across the ultraviolet and visible range of the electromagnetic spectrum.
It measures the intensity of light passing through the sample compared to a reference uncoated
sample. The main objective of this study is to measure the light transmittance through the coated
glass samples. The test was conducted using Mikropack DH-2000-BAL UV-Vis-NIR Lightsource
and the data was then analyzed using MATLAB.
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Chapter 4: Results and Discussion

4.1 Substrate Surface Treatment Results
In this study, a new introduced method of cleaning glass samples was developed to prepare
them for coating. The method was based on photocatalytic reaction of TiO2 when exposed to UVA light to breakdown organic contaminants on the glass surface. The quickest and easiest way to
assess the effectiveness of this cleaning method was by testing the surface wettability using the
water contact angle measurement. The contact angle was measured before and after the cleaning
using custom-built contact angle apparatus and ImageJ analyzing software.
In the first part of the treatment process, two different cleaning solutions was prepared. The
first solution was prepared with TiO2 and Isopropyl alcohol as a solvent. The second solution with
TiO2 and water as solvent. UV light exposure of 3 hours was used to first study the effect of the
solvent used on the photocatalytic reaction.
A soda lime-glass substrate was divided into two halves by a tape, as shown in Figure 4.1
to mark treated and untreated sides.
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Figure 4.1 Soda lime-glass substrate divided into two halves by a tape to mark the treated and
untreated sides.
The average contact angle before cleaning was measured on each side of both samples to
be 45.2°. Figure 4.2 shows the WCA of one of the samples before treatment.

Figure 4.2 The shape of a water droplet on the surface of soda lime-glass substrate before
treatment.
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One sample was then dipped three times into the IPA-TiO2 solution and the other one into
the water-TiO2 mixture, as shown in Figure 4.3. Then they were placed under UV-A light for three
hours.

Figure 4.3 Dipping the soda lime-glass substrate into the water-TiO2 mixture and treating it with
UV-A light.
The water contact angle was then measured after the treatment on both sides of the two
samples. The untreated side of both samples showed a slight to no change in the WCA. On the
other hand, the treated side of both samples showed a significant reduction in the WCA. The WCA
of the IPA-TiO2 sample was reduced to 13.8°, and the water-TiO2 sample was 9.9° after treatment.
The experiment was then repeated after 24 hours with new samples and the same mixing
solutions. The water contact angle of the water-TiO2 sample was almost the same with only one
degree higher, but the IPA-TiO2 sample showed an increase in the WCA to 26.1°. That means that
there was a reduction in the cleaning efficiency of the IPA-TiO2 solution after 24 hours. The
reduction in performance could be due to the organic nature of the IPA that may deactivate some
of the TiO2 active sites. Besides, both trials showed a better performance using the water-TiO2
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mixture. That could be explained by going back to the photocatalytic reaction Equations (2.9) and
(2.10), where water is an integral part for the oxidation reaction to occur.
In the second part of the substrate treatment process, Since water-based solvent showed
enhanced performance in the first part, it was used in the second part of the substrate treatment
process also. In this part, the time of treatment under UV-A light was varied to determine the
optimum time for best cleaning results.
Five untreated glass samples were cleaned at different time periods, and their WCA was
measured before and after treatment. The average WCA of the samples before cleaning was
measured to be 39.2°. The WCA measurements were taken at time 0, 10, 20, 60, and 180 minutes
and the results are shown in Figure 4.4:

Figure 4.4 Effect of TiO2-UVA treatment time on contact angle.
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The result showed a rapid decrease in the WCA in the first 20 minutes from 39.2° to 15.2°,
and then it slowed down to reach 11.4° for 60 minutes of treatment. After three hours, the WCA
showed less than 2° difference than the one-hour treatment. That means 60 minutes of cleaning
time is sufficient to decontaminate and prepare the surface for coating. Figure 4.5 shows the shape
of the water droplet after three hours of treatment.

Figure 4.5 The shape of a water droplet on the substrate surface after three hours of treatment
with TiO2-UVA.
Han et al. used different wet chemical methods to treat glass samples with a WCA of 47.7°
before treatment [55]. The results for the different methods used are summarized in Table 4.1.
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Table 4.1 Contact angles, roughness values measured by AFM and etching rates measured by IE
for the different wet activation processes. Reprinted with permission from [55].
Rq
CA
(nm)
(n =20)

Thickness Harmful to
CA (n =20)
SAD (%) loss (nm) encapsulation
APTES

Original SiO2 surface

47.7°

0.12

0.01

-

-

-

A MeOH/HCl

24.6°

0.11

0.01

0.4

No

37.1°

B A+conc. H2SO4

16.9°

1.66

0.18

0.8

Yes

38.9°

C Piranha

24.2°

0.11

0.01

0.6

Yes

54.9°

D Conc. H2SO4

16.9°

0.29

0.08

0.8

Yes

64.6°

E K2Cr2O7+H2SO4

11.7°

0.24

0.06

0.7

Yes

54.2°

F 1 M NaOH

37.6°

0.16

0.02

0.9

No

66.3°

The contact angle data from Table 4.1 shows contact angles ranging from 37.6° to 11.7°
after treatment using different wet chemical cleaning methods. In comparison, the cleaning method
used in this study, with TiO2-UVA, showed a better cleaning performance than all the wet chemical
methods after 60 minutes of treatment with a WCA of 11.4° and less than 100 after 3 hours. In
addition to being better in the cleaning performance of glass substrates, this method uses no
harmful chemicals, and is environmentally friendly, simple, and cheap.
To further evaluate, Yamamoto and coworkers [56] used plasma treatment as a drycleaning method to surface treat glass samples. The contact angle of their samples was 45° before
treatment. In 60 seconds of plasma treatment, they were able to reach less than 4° contact angle.
The contact angle didn’t change after 60 seconds of treatment, as shown in Figure 4.6:
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Figure 4.6 Comparison between the effect of a) plasma and b) TiO2-UVA treatment on contact
angle. Reprinted with permission from [56].
The plasma treatment is much more efficient in comparison to the TiO2-UVA method used
in this study. However, it requires a high vacuum or high pressure with high voltage (up to 15 kV)
to initiate the plasma and reach that cleaning efficiency. It also requires a more complicated setup,
which makes it a more expensive method.
In terms of scientific concept, the plasma treatment chemical reaction is relatively similar
to the reduction reaction of the TiO2-UVA treatment shown in Equations (2.7) and (2.8), where
both use oxygen to produce oxygen radicals and react with organic contaminants. However, the
difference in efficiency could be due to the rate of oxygen radicals forming. In the plasma treatment
process, compressed air is used to actively pass oxygen through high voltage to produce oxygen
radicals and hit the surface of the sample to react and decontaminate it. In comparison, the TiO2UVA treatment reduction reaction utilizes oxygen in the air surrounding the substrate, which
makes the reaction rate significantly slower.
SEM images were taken before and after treatment to ensure that no TiO2 nanoparticles
were left on the glass surface after treatment, as shown in Figure 4.7.
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a)

Before Treatment

b)

After Treatment

Figure 4.7 SEM images of the glass substrate surface a) before treatment and b) after treatment.
The SEM images showed that there was no difference between the images taken before
and after treatment and no TiO2 nanoparticles left on the glass substrate surface.
4.2 Coating Characterization Results
4.2.1 Method 1: Using Hydrophobic Silica Nanoparticles Results
The first coating fabrication method was based on making a solution mixture of colloidal
hydrophobic silica nanoparticles with methyl phenyl silicone resin as a binder in an isopropyl
alcohol solvent. The coating fabrication was discussed in detail in chapter three and summarized
in Figure 3.1. The coating mixing ratios were adjusted based on the results of the glass sample
transparency and the water contact angle after coating. The ratio of silica nanoparticles to the
binder added to the mixture was fixed. The amount of solvent was varied from 120 to 250 ml to
adjust the concentration. The coating deposition was performed using the dip-coating technique
with a fixed deposition rate. Four samples were prepared and tested at 120, 150, 200, and 250 ml
of solvent referred to as RX300_S1, RX300_S2, RX300_S3, and RX300_S4, respectively. Tests
were conducted for transparency, contact angle, microstructure and morphology, and surface
topography and roughness. The equipment used to perform these tests include UV visible
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spectrophotometry, contact angle goniometry, SEM, and AFM respectively. The results of these
tests are discussed in this section.
4.2.1.1 UV Visible Spectrophotometry
The coating transparency for solar panel application is of importance to maximize the
power output. The light transmittance through the uncoated glass compared to the four coated
samples with varied coating concentrations was measured using UV visible spectrophotometry.
The transmittance was measured for the light spectrum from 250 to 800 nm, as shown in Figure
4.8.

Figure 4.8 Optical transmittance spectra of four coated glass samples with different hydrophobic
silica nanoparticles coating solution concentration.
The results showed that the uncoated glass has a transmittance of 91%. Samples RX300_S1
and RX300_S2 with the highest concentrations are about 5% and 3% lower in transmittance than

41

the uncoated glass, respectively. Samples RX300_S3 and RX300_S4 with lower concentrations
are less than 1% lower in transmittance than the uncoated glass.
4.2.1.2 Contact Angle
The contact angle was measured to determine the surface wettability using the contact
angle goniometer. In this method, the more hydrophobic the surface, the better the self-cleaning
property. The measurements were summarized in Table 4.2 and plotted in Figure 4.9 for the four
coated samples. The objective was to measure the WCA and study the effect of changing the
coating solution concentration on the contact angle.

Figure 4.9 The change in contact angle of each sample.
Table 4.2 Contact angle measurements of the four coated samples.
#

Sample

Contact Angle

1
2
3
4

RX300_S1
RX300_S2
RX300_S3
RX300_S4

157°
158°
162°
141°
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The results showed that the WCA slightly increased with the reduction of the solution
concentration, followed by a significant drop when the amount of solvent increased to 250 ml. The
maximum WCA was 162° in sample RX300_S3 shown in Figure 4.10, and the minimum was 141°
in sample RX300_S4.

Figure 4.10 The shape of a water droplet on the surface of sample RX300_S3.
The transparency and contact angle results showed that the coating mixing ratio used to
prepare the sample RX300_S3 was the optimum, which gave the maximum contact angle and
transmittance. This sample was then used to study the surface morphology and surface roughness.
4.2.1.3 Scanning Electron Microscope (SEM)
The SEM was utilized to study the microstructure of the coated glass sample and to identify
the silica nanoparticle distribution on the substrate. The top, cross-sectional, side view images were
taken at different magnifications as shown in Figure 4.11, 4.12, and 4.13 to understand the
superhydrophobic behavior.
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a)

b)

Figure 4.11 Top-view SEM images of the hydrophobic silica nanoparticles film at a) x1,000 b)
x5,000 magnification.
a)

b)

c)

Figure 4.12 Cross-sectional view SEM images of the hydrophobic silica nanoparticles film at a)
x1,000 b) x10,000 c) 50,000 magnification.
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b)

a)

Figure 4.13 Side-view SEM images of the hydrophobic silica nanoparticles film at a) x10,000 b)
x20,200 magnification.
Figure 4.11 shows top-view SEM images of the coated glass sample. The images were
taken at x1000 and x5,000 magnification, showing the hydrophobic silica nanoparticles
distribution at the surface of the substrate. Figure 4.12 shows cross-sectional SEM images. They
were taken at x1,000, x10,000, and x50,000 magnification, showing the nanoparticles packing,
size (less than 100 nm), and the air voids between them. Figure 4.13 shows side view SEM images
taken at x10,000 and x20,200 magnification. They give more details about the height and spacing
between the packed particles.
4.2.1.4 Atomic Force Microscopy (AFM)
The topography and surface roughness are of importance to explain the surface wettability.
AFM was used to measure the surface roughness of the sample. Figure 4.14 shows a 2 x 2 𝜇𝑚)
three-dimensional scanned image in a tapping mode of the surface topography.
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Figure 4.14 Atomic Force Microscopy (AFM) image of the hydrophobic silica nanoparticles
film.
The surface roughness was measured to be 51 nm. The small size and the distribution of
the silica nanoparticles on the substrate surface is the main factor causing the surface roughness.
The high surface roughness and the low surface energy of the material result in a superhydrophobic
coating.
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4.2.2 Method 2: Using Sol-Gel Method to Fabricate Hydrophobic Surface Coating from
Methyltrimethoxysilane (MTMS) Precursor Results
The second coating fabrication method was based on fabricating a hydrophobic silica film
using a coating prepared by the sol-gel process and deposited by dip-coating method. The coating
reactants were mixed in an isopropyl alcohol solvent containing Methyltrimethoxysilane as a
precursor and hydrochloric acid as a catalyst. The coating fabrication was discussed in detail in
chapter three and summarized in Figure 3.2. The coating concentration was adjusted based on the
results of the glass sample transparency and the water contact angle after coating. Four trials were
conducted with different amounts of precursor varying from 3 – 0.5 ml to reach the optimum
results. The amount of precursor in each trial was fixed, and the amount of solvent was varied from
60 to 240 ml to adjust the concentration. The coating deposition was performed using the dipcoating technique with a fixed deposition rate. The number of samples tested was depending on
the transmittance results. The test was stopped when no change was observed in transmittance.
Tests were conducted to measure transparency, contact angle, microstructure and morphology, and
surface topography and roughness. The equipment used for these tests included UV visible
spectrophotometry, contact angle goniometry, SEM, and AFM, respectively. The results of these
tests are discussed in this section.
4.2.2.1 UV Visible Spectrophotometry
Transmittance of the coated samples was measured in four trials. The four trials were
conducted to find the coating solution concentration needed to reach the optimum coating
transmittance. The amount of MTMS added was 3, 2, 1, and 0.5 ml for trials 1, 2, 3, and 4,
respectively.
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In the first trial, 3 ml of MTMS was added to the reaction mixture, and the amount of
solvent was varied. Four samples were prepared and tested at 60, 120, 180, 240 ml of solvent,
referred to as MTMS_T1_S1, MTMS_T1_S2, MTMS_T1_S3, and MTMS_T1_S4, respectively.
The results of the first trial are shown in Figure 4.15:

Figure 4.15 Optical transmittance spectra of four coated glass samples on the first trial of MTMS
with different coating solution concentration.
The results of the first trial showed that the first sample (MTMS_T1_S1), with the highest
coating solution concentration, had the lowest transmittance ranging between 50-85% in the UVVisible range. The transmittance improved by reducing the solution concentration. The
improvement in transmittance reached its maximum and remained constant after the third sample
(MTMS_T1_S3), with transmittance ranging between 80-90%. All four samples were below the
transmittance of the uncoated glass sample. As a result, the amount of MTMS was reduced in the
second trial.
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In the second trial, 2 ml of MTMS added to the reaction mixture, and the amount of solvent
was varied. Three samples were prepared and tested at 60, 90, 120 ml of solvent, referred to as
MTMS_T2_S1, MTMS_T2_S2, and MTMS_T2_S3, respectively. The results of the second trial
are shown in Figure 4.16:

Figure 4.16 Optical transmittance spectra of three coated glass samples on the second trial of
MTMS with different coating solution concentration.
The results of the second trial showed that the first sample (MTMS_T2_S1), with the
highest coating solution concentration, had the maximum transmittance of 95% in the UV-Visible
range. The transmittance continued to slightly fall by reducing the solution concentration. All three
samples were above the transmittance of the uncoated glass sample with a maximum transmittance
difference of 5%. The improvement in transmittance could be due to the increase in surface
roughness and reaching the optimum film thickness. As a result, it reduces the amount of light
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reflected from the uncoated glass and increases the light transmitted. A third trial was conducted
at lower MTMS concentrations to confirm that this is the optimum result.
In the third trial, 1 ml of MTMS added to the reaction mixture, and the amount of solvent
was varied. Two samples were prepared and tested at 60 and 120 ml of solvent, referred to as
MTMS_T3_S1, and MTMS_T3_S2, respectively. The results of the third trial are shown in Figure
4.17:

Figure 4.17 Optical transmittance spectra of two coated glass samples on the third trial of MTMS
with different coating solution concentration.
The results of the third trial showed a slight difference in transmittance between the first
(MTMS_T3_S1), second (MTMS_T3_S2), and the uncoated samples in the UV range. However,
they almost aligned in the visible range. It means that the film of the coated samples is extremely
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thin that the transmittance is almost the same as the uncoated glass. A fourth trial was conducted
to confirm it and to study the water contact angle change at a very low concentration.
In the fourth trial, 0.5 ml of MTMS added to the reaction mixture, and the amount of solvent
was varied. One sample was prepared and tested at 60 ml of solvent, referred to as MTMS_T4_S1.
The results of the fourth trial are shown in Figure 4.18:

Figure 4.18 Optical transmittance spectra of one coated glass sample on the fourth trial of
MTMS with different coating solution concentration.
The result of the fourth trial showed that the transmittance of the coated (MTMS_T4_S1)
and the uncoated samples was exactly aligned. That indicates that the coating becomes completely
invisible. A simple way to confirm that the coating was deposited onto the substrate was by
measuring the WCA.
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4.2.2.2 Contact Angle
The contact angle was measured to determine the surface wettability using the contact
angle goniometer. In this method, the more hydrophobic the surface, the better the self-cleaning
property. The measurements were summarized in Table 4.3 for all the coated samples. The
objective was to measure the WCA and study the effect of changing the coating solution
concentration to determine the optimum coating result.
Table 4.3 Contact angle measurements of the coated samples in four trials.
Sample:
Amount of IPA (ml):

S1

S2 / S3

60ml

Trial

90ml

S4

120ml

180ml

240ml

Water Contact Angle (degrees)

Trial 1 (3ml MTMS)

90.8

-

90.4

90.1

87.4

Trial 2 (2ml MTMS)

92.2

92.2

95.1

-

-

Trial 3 (1ml MTMS)

94.1

-

91.8

-

-

Trial 4 (0.5ml MTMS)

87

-

-

-

-

The results showed that the average WCA for the first trial was around 89.7°. A slight
decline was observed with the reduction in concentration from sample 1 to sample 3, ranging
between 90.8° to 90.1°. A higher drop in the WCA was noticed in sample 4 to 87.4°.
For the second trial, reducing the amount of MTMS to 2 ml generally improved the average
WCA to 93.2°. There was no change in the WCA for the first two samples and a noticeable
improvement from 92.2° to 95.1° in the third sample.
In the third trial, the WCA was higher at the highest concentration in sample 1. It was then
reduced from 94.1° to 91.8° by reducing the concentration in the second sample.
The fourth trial showed an overall lowest WCA of 87°.
The overall highest WCA was observed in the third sample of the second trial with a WCA
of 95.1°. However, the optimum result in this method was the highest in transmittance with the
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optimum WCA. This result can be seen in sample MTMS_T2_S1, where the transmittance is 95%
and the WCA is 92.2°. The WCA image for that sample is shown in Figure 4.19, and it was used
to study the surface morphology and surface roughness.

Figure 4.19 The shape of a water droplet on the surface of sample MTMS_T2_S1.
4.2.2.3 Scanning Electron Microscope (SEM)
The SEM was used to study the surface morphology of coated substrate. It gives a better
a)
b)
understanding of the shape, size, and distribution of the fabricated nanoparticles on the substrate
surface. Top-view images were taken at different magnifications, as shown in Figure 4.20.

Figure 4.20 Top-view SEM image of the MTMS film at a) x1,000 b) x20,000 magnification.
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Figure 4.20 shows top-view SEM images of the coated glass sample. The images were
taken at x1000 and x20,000 magnification. Figure 4.20 a) shows the nanoparticles distribution on
the substrate surface. The fabricated silica nanoparticles were different in shape and less than 500
nm in size, as shown in Figure 4.20 b).
4.2.2.4 Atomic Force Microscopy (AFM)
The topography of the surface was studied using the AFM. A 10x10 𝜇𝑚) threedimensional scanned image was taken in the tapping mode of the surface, as shown in Figure 4.21.
The surface roughness measurement was 9.552 nm. The surface roughness of the coating in this
method is approximately 5 times lower than the first method. This could be one of the main reasons
for the lower WCA.

Figure 4.21 Atomic Force Microscopy (AFM) image of the MTMS film.
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Chapter 5: Conclusions
This thesis examined two methods of fabricating and characterizing self-cleaning coatings
for solar panels application. At first, a new introduced method of preparing glass samples for
coating was developed. The treatment method was based on using the photocatalytic reaction of
TiO2 when exposed to UV-A light to breakdown organic contaminants on the glass surface. The
surface wettability was used to test the effectiveness of the cleaning method. The water contact
angle was measured before and after treatment. The result showed a superhydrophilic surface with
WCA of 9.9° after three hours of treatment. However, one hour of treatment is used for later
experiments as an optimum time to reach a WCA of 11.4°.
The first coating fabrication method was based on making a solution mixture of colloidal
hydrophobic silica nanoparticles with methyl phenyl silicone resin as a binder in an isopropyl
alcohol solvent. The solution concentration was adjusted by varying the amount of solvent and
testing the transparency and wettability of the samples. The optimum result was shown in sample
RX300_S3. It showed around 90% transmittance and 162° contact angle. SEM images of
nanoparticles were taken, and the surface roughness was measured to be 51 nm.
The second coating fabrication method was based on fabricating a hydrophobic silica film
using a coating prepared by the sol-gel process and deposited by the dip-coating method. The
coating reactants were mixed in an isopropyl alcohol solvent containing Methyltrimethoxysilane
as a precursor and hydrochloric acid as a catalyst. The solution concentration was adjusted by
changing the amount of precursor in four trials and varying the amount of solvent in each trial.
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The optimum result was obtained for sample MTMS_T2_S1. It showed around 95% transmittance
and 92.2° contact angle. SEM images of nanoparticles were taken, and the surface roughness was
measured to be 9.552 nm.
The second method showed a 5% higher transmittance than the first method. This
improvement in transmittance may increase solar panel energy production. However, the first
method showed a better self-cleaning property with a superhydrophobic film. The
superhydrophobicity of the film reduces dust accumulation and maintain solar panel efficiency.
The high surface roughness and the low surface energy material used in the first method are the
main reason for the superhydrophobic behavior.
Future work on this topic is recommended to study other important properties such as film
thickness, cost, and durability. Also, to work on improving the tested properties such as the selfcleaning property in the second method. It could potentially be improved by trying a mix of other
silane materials that have lower surface energy. Further, increasing the surface roughness by
etching the film could also improve the surface hydrophobicity. Using a different film deposition
method, such as spray coating, would be more appropriate for large-scale applications. Finally,
future work should include the application of the coatings to solar panels and testing their
performance before and after coating for a long period of time.
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Appendix A: Abbreviation and Acronyms
AFM
CB
CVD
EPA
FBL
FE-SEM
HFBA
IPA
LbL
MTMS
NIL
PDMS
PET
PTFE
PV
PVC
PVD
UVA
VB
WCA

Atomic Force Microscopy
Conduction Band
Chemical Vapor Deposition
Environmental Protection Agency
Focused Beam Lithography
Field Emission Scanning Electron Microscope
2,2,3,3,4,4,4-hepta Flouorobutyl Acrylate
Isopropyl Alcohol
Layer-by-Layer
Methyltrimethoxysilane
Nanoimprint Lithography
polydimethylsiloxane
Polyethylene Terephthalate
Polytetrafluoroethylene
Photovoltaic
Polyvinyl Chloride
Physical Vapor Deposition
Ultraviolet A
Valance Band
Water Contact Angle
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Appendix B: Equipment

Figure B.1 Custom-built contact angle goniometer.

Figure B.2 Custom-built dip-coater.
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Figure B.3 UV-Visible Spectrophotometer (Mikropack DH-2000-BAL UV-Vis-NIR
Lightsource).

Figure B.4 Hitachi S-800 field emission scanning electron microscope (FE-SEM).

64

Figure B.5 Hummer X sputter coater.

Figure B.6 Dimension 3100 atomic force microscopy (AFM).
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Figure B.7 Custom-built UV-A light.

Figure B.8 Ultrasonicator.
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Appendix C: Copyright Permissions
The permission below is for the use of Figure 1.2
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The permission below is for the use of Figure 2.1 and Figure 2.2
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The permission below is for the use of Figure 2.3
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The permission below is for the use of Figure 2.4 and Figure 2.7
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The permission below is for the use of Figure 2.5 and Figure 2.6
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The permission below is for the use of Figure 2.8
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The permission below is for the use of Figure 2.9
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The permission below is for the use of Figure 2.10
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The permission below is for the use of Figure 2.13 and Figure 2.14
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The permissions below are for the use of Figure 2.15
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The permission below is for the use of Figure 4.6
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The permission below is for the use of Table 4.1
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